[1] Nitrous acid is an important precursor for OH radicals in the polluted troposphere. The heterogeneous conversion of NO 2 to HONO, however, is currently not well understood. Measurements of HONO and NO 2 in Phoenix in summer 2001 using long path DOAS show ratios of chemically formed secondary [HONO] to [NO 2 ] that rarely exceeded 3%. During two nocturnal dust storm events, however, a significant increase of this ratio was observed. The unprecedented high ratios near 19% suggest a highly efficient NO 2 to HONO conversion process on mineral dust particles. The particle composition in Phoenix is similar to other mineral dusts, implying that the enhanced NO 2 conversion could be an important HONO, and therefore also OH, source in regions where pollution and dust storms coincide. 
Introduction
[2] The photolysis of nitrous acid (HONO) is an important OH source in the polluted atmosphere. It is well established today that HONO is formed by a conversion of NO x on surfaces [Finlayson-Pitts et al., 2003] . The mechanism and kinetics of this conversion, are, however, still poorly understood. Laboratory evidence points to a mechanism with the following stochiometry as the main source of HONO in the atmosphere (see references in [Finlayson-Pitts et al., 2003; Lammel and Cape, 1996] )
[3] Most studies have reported that mechanism 1 is first order in NO 2 (for example [Finlayson-Pitts et al., 2003; Kleffmann et al., 1998; Svensson et al., 1987] ). The dependence on water is less clear, but it is suggested that the NO 2 to HONO conversion efficiency depends on the amount of surface adsorbed water [Barney and Finlayson-Pitts, 2000; Finlayson-Pitts et al., 2003] . The role of the surface involved is also not well known. While most experiments have been performed on glass or teflon, a number of recent studies have investigated the NO 2 chemistry on mineral oxides or dust particles. [Underwood et al., 1999 [Underwood et al., , 2001 found that the heterogeneous reaction of NO 2 on dehydrated (p H2O < 10 À6 Torr) Al 2 O 3 , Fe 2 O 3 and TiO 2 particles, as well as on Saharan and Gobi dust samples, leads to surface adsorbed nitrite and nitrate at low NO 2 and high NO 2 pressure respectively. The gas phase product is mainly NO. HONO was not detected. [Goodman et al., 1999] investigated the heterogeneous processes on SiO 2 particles at relatively high R.H. (relative humidity). The NO 2 reaction in this case followed mechanism (1).
[4] Mineral dust can provide large surface areas for chemical transformation of trace gases [Dentener et al., 1996] . In particular, dust storms over Asia have recently received considerable attention due to the unique mixture of aerosol and pollutants. Typical aerosol mass loadings in dust storms are 1 -1000 mg m
À3
, with particle sizes ranging from 0.1 to above 40 mm. The main components of mineral dust are SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, and often also CaCO 3 [Goudie, 1978] .
[5] In this study we present measurements of HONO and NO 2 during two nocturnal dust storms in Phoenix, AZ. The behavior of HONO and NO 2 is compared to times without mineral dust particles. The potential impacts of our observations on tropospheric chemistry are discussed.
Experimental Section
[6] In summer 2001 (6/17 -6/30) we made long-path Differential Optical Absorption Spectroscopy (DOAS) [Platt, 1994] measurements of HONO and NO 2 in the downtown area of Phoenix, AZ. The DOAS sending and receiving telescope was set up on the 39th floor of the BankOne building, 140 m above ground level. The light paths were folded by quartz cube corner retroreflectors, which were mounted at a distance of about 3.3 km, on top of two buildings in uptown Phoenix (ADEQ and Hilton) at the heights of 110 m and 45 m, respectively [Wang et al., 2003] . The average concentrations of NO 2 and HONO along these two absorption paths were monitored by periodically alternating the aiming direction of the telescope. Details of the setup and the analysis methods used can be found in [Stutz et al., 2002] .
[7] Meteorological measurements were made close to the retroreflectors on top of the two buildings using Campbell Scientific Inc. weather stations. Mixing ratios of NO and the scattering coefficient b scat were measured by chemilumines-cence (ThermoEnvironmental 42S) and nephelometry (Meteorology Research Inc. Model 1550) respectively on the 16th floor (73 m) and 39th floor (140 m) of the BankOne building. In addition, atmospheric particles were collected on top of the BankOne building with a time resolution of 1.5 hours. The trace elemental composition of these samples was analyzed by total reflection X-ray fluorescence spectrometry (TXRF) [Schmeling, 2001] .
[8] To separate secondary HONO, [HONO] corr , formed by chemical processes, from direct emissions which originate primarily from cars, we used a [HONO]/[NO x ] emission ratio of 0.35% for an average American car fleet, as determined in traffic tunnel measurements by [Kirchstetter et al., 1996] :
[9] [NO x ] for the two light paths were calculated as the sum of the [NO] on the 39th and 16th floor and the [NO 2 ] for upper and lower light paths, respectively. For most nights during our study the calculated HONO emissions contributed about 20% to the total [HONO] . During dust storms, however, [NO x ] was so low that the influence of direct HONO emissions was negligible. [11] The data of June 22-23 ( Figure 2 ) are similar to that of June 20 -21. A narrow peak of b scat around 22:30, together with the sudden change of wind speed and direction, indicates a weaker dust storm compared to June 20.
Results and Discussion
[HONO] corr /[NO 2 ] reached 10% at the tail of the storm, and decayed to below 5% afterwards. The main difference during this night is that [HONO] corr /[NO 2 ] increased throughout the night and reached a much higher value of (18.6 ± 1.3)% than on June 21. It is currently unclear why such high [HONO] corr /[NO 2 ] values were observed at the end of the night on June 22-23. One reason could be the presence of dust particles that were too small to be observed by the nephelometer which has a low detection efficiency for particles smaller than 0.2 mm diameter. The difference could also be explained by the different wind patterns. While on the night of 20-21 the wind turned slowly to the east after the storm, thus blowing away the dust particles and the processed air, on 22 -23 the wind shifted suddenly from southwest to east near 2am, implying that the dust processed air blown to the east could have been brought back to our site.
[12] We calculated 24-hour backtrajectories with the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model by NOAA. The backtrajectories for both dust storms are very similar, showing that the dust particles originated from the same areas south-west of Phoenix and thus have similar mineral composition.
[13] To show the influence of the dust storms we correlated [HONO] corr with [NO 2 ] during dust storm nights and ''normal'' nights in Figure 3 . Meteorological conditions during ''normal'' nights differed considerably from dust storm nights. In particular the lower wind speeds make it unlikely that elevated dust levels were present, as was also confirmed by the nepheolometer data. Data from ''normal'' nights includes all measurements with R.H. < 50%. One night with a high R.H. of up to 70% was not included because the property of surface adsorbed water changes at R.H. above 50% [Saliba et al., 2001] , and accordingly the chemistry of NO 2 and HONO may be different. Figure 3 clearly shows that the [HONO] corr /[NO 2 ] ratio was rarely above 3% under ''normal'' conditions, but reached near 19% under the influence of dust storms.
[14] Table 1 lists the aerosol composition during June 20 in downtown Phoenix. The collection during 20:30 -22:00, which covered the first 15 minutes of the dust storm, shows large amounts of Fe, Ca, and Al, which are often used as key tracers for mineral dust, with concentrations of up to 8 times those collected before the storm. Although Si was not analyzed in our study because of the usage of quartz glass material in TXRF particulate measurement, it is believed that Si is the most abundant element in the mineral dust we observed [Goudie, 1978] .
[15] The use of the [HONO] corr /[NO 2 ] ratio as a parameter for the study of the NO 2 -HONO conversion requires more consideration. The HONO formation rate by reaction (1) is first order in NO 2 , depends on the surface adsorbed water, and increases with S/V, the surface area per unit volume of air. The main HONO loss will occur on surfaces [Finlayson-Pitts et al., 2003; Stutz et al., 2002] , which is suggested to be a first order loss [Syomin et al., 2002] . The temporal change of HONO can therefore be expressed with equation (3). g 1 and g 2 are HONO formation and destruction reaction probabilities that depend on surface properties as well as atmospheric R.H.
n is the mean velocity of a gas species.
[16] The initial increase of HONO will be dominated by the first term on the right of equation (3). As more HONO is formed the second term becomes more important. In the end HONO and NO 2 will reach a pseudo steady state (PSS), which is determined by:
[17] It is interesting to note that this PSS is independent of S/V. On the other hand, a high S/V, as in a dust storm, will accelerate the surface reactions and the PSS will be reached in a very short time. We can now distinguish two scenarios in our dust storms. If a PSS was reached during the storm period, the PSS ratio of [HONO]/[NO 2 ] based on our observations must be around 18%. In the case that a PSS was not yet reached for the observed air mass at the end of the storm, the PSS [HONO]/[NO 2 ] ratio should be even higher than our observations.
[18] Under ''normal'' conditions, [HONO] corr /[NO 2 ] ratios in Phoenix rarely exceeded 3%. While it is currently not clear if a PSS was reached during these nights, the [HONO]/ [NO 2 ] PSS value in a dust storm is clearly higher when mineral dust is present. This is also confirmed by comparison of literature [HONO]/[NO 2 ] ratios measured at other urban and suburban sites, which range from 1% to 12% [Lammel and Cape, 1996] . The ratios we observed are therefore higher than any other atmospheric observations we are aware of, with the exception of recent daytime findings in and above snow [Zhou et al., 2001] .
[19] Our observations show that the heterogeneous chemistry on mineral particles is different from the chemistry on other surfaces, such as the ground and buildings. We are unable to distinguish whether the change in the heterogeneous chemistry is related to an enhanced uptake and conversion of NO 2 , or to a decreased loss of HONO on [Underwood et al., 2001] . Due to the very low water vapor pressure used in these studies, this data is most likely not representative for our case in Phoenix where R. H. 30-50% were observed in the dust storms. In the investigation of NO 2 reactivity on ''wet'' SiO 2 particles [Goodman et al., 1999] and ''wet'' porous glass [Barney and Finlayson-Pitts, 2000] , gaseous HONO and surface adsorbed HNO 3 were detected as products, in agreement with reaction (1). We believe that this is the most likely reaction occurring on mineral dust particles, which contain adsorbed water under atmospheric conditions. Why this mechanism is different on dust particles compared to other surfaces is, however, unclear.
Conclusions
[20] During nighttime dust storms in Phoenix in summer 2001, we observed very high values of secondary [HONO] to [NO 2 ] ratios around 18%, while this ratio rarely exceeded 3% during non-dust-storm nights. We propose an efficient heterogeneous net NO 2 to HONO conversion process on dust particles to explain our results. The steady-state [HONO]/[NO 2 ] ratio that can be reached in the presence of mineral dust particles must be at least 18%.
[21] Our results suggest a significant impact of dust storms on the tropospheric nitrogen chemistry. If more NO 2 is converted into HONO over night under the influence of dust storms, more OH radicals will be produced by HONO photolysis in the morning, ultimately oxidizing NO 2 and VOCs. At the same time, the NO 2 -HONO conversion process by reaction (1) results in the transformation of NO 2 to surface HNO 3 , and can thus contribute to the denoxification of the troposphere. In addition, this enhanced NO 2 -HONO conversion can impact the chemistry in daytime dust storms. Faster HONO formation can lead to an increase of OH radical formation rate in dust storms also during the day.
[22] It is estimated that 1000 -3000 Tg of mineral aerosols are emitted annually into the atmosphere [Jonas et al., 1995] . The emissions are expected to increase substantially as arid regions expand due to vegetation loss, erosion, and industrial activities [Sheehy, 1992] . The preexisting deserts and the large scale desertification have caused severe seasonal dust storms over many regions, including East Asia, West Africa, and South America [Dentener et al., 1996] . On the other hand, the increasing population and industry in East Asia as well as the biomass burning in Africa and South America, will contribute increasing amounts of NO x to the troposphere. Our study shows that seasonal dust storms have the potential to change the distribution of nitrogen compounds and the level of reactive species significantly in the troposphere.
